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Abstract: 
The name apophyllite refers to a specific group of phyllosilicates, a class of minerals that also 
includes the micas  and are a class of minerals of similar chemical makeup that comprise a 
solid solution series, and includes the members apophyllite-(KF), apophyllite-(KOH), and 
apophyllite-(NaF). Fluorapophyllite apophyllite-(KF) and hydroxyapophyllite apophyllite-
(KOH) are different minerals only because of the difference in percentages of fluorine to 
hydroxyl ions. 
Three apophyllite minerals have been characterised by thermogravimetric analysis and 
infrared spectroscopy. Dehydration takes place in several steps. Major mass losses occur at 
around 205 to 220°C and at 400 to 429°C.  Minor mass losses are observed around 242 and 
292 °C.  It is proposed that dehydration occurs in the first decomposition step.  Water is lost 
over the temperature range 125 to 250°C, 250 to 325°C and 325 to 525°C with the loss of 
4.5, 0.5 and 3.0 moles of water. Water functions as zeolitic water and is also coordinated to 
the silica surfaces.  
Keywords: apophyllite, fluorapophyllite, hydroxyapophyllite, silicate minerals, 
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Introduction 
The name apophyllite refers to a specific group of phyllosilicates, a class of minerals that also 
includes the micas [1, 2]. The mineral is found in many localities world-wide. It occurs as a 
secondary mineral in amygdules or druses in basalts and in cavities in granites. It may be 
found in tactites and other metamorphic rocks. The mineral is transparent to colourless but 
maybe white, pink, pale yellow to green. The minerals used in this study were colourless. 
Originally, the group name referred to a specific mineral, but was redefined in 1978 to stand 
for a class of minerals of similar chemical makeup that comprise a solid solution series, and 
includes the members apophyllite-(KF), apophyllite-(KOH), and apophyllite-(NaF) [3].  A 
recent change in the nomenclature system used for this group was approved by the 
International Mineralogical Association, removing the prefixes from the species names and 
using suffixes to designate the species [3].  The most common mineral is fluorapophyllite 
(now known as apophyllite-(KF)), and is found in many places worldwide. 
Hydroxyapophyllite (now known as apophyllite-(KOH)) is also a very common mineral. 
Natroapophyllite [4] also exists but is far less common.  Fluorapophyllite and 
hydroxyapophyllite are different minerals only because of the difference in the percentage of 
fluorine to hydroxyl ions. They represent the end members of a series that might be called the 
apophyllite series.  Apophyllite is a layered phyllosilicate and is not a zeolite, even though it 
has a lot of similar properties to zeolites.  
 
Fluorapophyllite is tetragonal with point group 4/m, 2/m, 2/m [5].  The crystals are tabular to 
prismatic [1, 2, 6, 7].  Tetragonal minerals have three axes of different lengths and angles of 
90 degrees. Fluorapophyllite is an anisotropic mineral and has low relief. This mineral 
belongs to the Uniaxial (+) optical class, which means its indicatrix has a prolate sphenoid 
shape with a circular section, principal section, and one optic axis.  The space group is 
P4/mnc with a=8.963, c = 15.804 and z=2 [1, 2, 6, 7].   
 
The thermal analysis of the apophyllite minerals is of interest because of the nature of the 
water in the structure. It has been said that apophyllite has zeolitic properties but is not a 
zeolite. There have been very few studies of the thermogravimetry of the apophyllite 
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minerals. Wlodyka et al. [8] undertook some studies of a fluorapophyllite from the Polish 
Carpathians. The DTA curve shows two distinct endothermic peaks connected with 
irreversibly removal of water from K+(OH2)8 polyhedron, centered at about 348 and 454 °C. 
All thermo-analytical data suggested that amorphous layers on the outer parts of apophyllite 
grains form a diffusion barrier causing moderation of H2O migration and the second 
endothermic peak origin. Marriner et al. [9] determined the effects of (OH)/F substitutions on 
thermally induced reactions in the apophyllite group. The samples studied covered the range 
between fluorapophyllite and hydroxyapophyllite, and include some unusual ammonium 
varieties. The presence or absence of F exerts a major control on thermally induced reactions, 
not only during low-temperature dehydration, but also on high-temperature recrystallisation 
reactions at ≤900°. Marriner et al. [9]  found all apophyllites dehydrate in 2 stages, the 1st 
being loss of a proportion of the water with only minor distortion of the crystal lattice, 
whereas the 2nd results in total collapse into an amorphous material. Madej and Sadowski 
[10] determined new data on fluorapophyllite from Strzelin.  These authors recorded the DTA 
patterns and found endothermic reactions at the temperatures of 337°C and 465°C as well as 
an exothermic one at 824°C. TG analysis of this fluorapophyllite shows that the mass loss is 
16.7 wt % (up to 1200°C) and generally takes place in two steps (7.4 wt %, 7.7 wt %). 
Thermal analysis has proved most useful for the study of the thermal decomposition of 
minerals and the assessment of their stability [11-15].  
 
Experimental 
Minerals 
The apophyllite minerals were obtained from The Mineralogical Research Company. The 
samples originated from (a) Pune District (Poonah District), Maharashtra State, India, (b) 
Palabora Open Pit, Phalaborwa, Transvaal, Republic of South Africa (c) Christmas Mine, 
Gila County, Arizona, USA. Details of the minerals have been published (page 259 and 358) 
[5].  The XRD patterns of the samples are given in Figure 1.  
 
Chemical compositions 
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The chemical composition of the Poona apophyllite-(KF) was determined as SiO2 52.5%; 
Al2O3 0.18%; CaO 24.8%;  K2O 4.8%; Na2O 0.30%; F 2.14%; H2O 15.3% and for 
apophyllite-(KOH) from Arizona: SiO2 52.6%; Al2O3 0.14%; CaO 25.3%;  K2O 5.0%; Na2O 
0.03%; H2O 16.8% 
X-ray diffraction 
The apophyllite minerals were prepared as pressed powders and mounted in stainless steel 
sample holders. The powder X-ray diffraction (XRD) patterns were recorded on a Philips 
PANalytical X’Pert PRO diffractometer using CuKα radiation (λ = 1.5418 Ǻ) operating at 40 
kV and 40 mA. The untreated MMT and organoclays were analysed between the range of  3° 
and 30° 2θ using a 0.5° divergence slit and 1° anti-scatter slit.  The PNP adsorbed 
organoclays were recorded between 5° and 15° 2θ, using 0.25° divergence slit and a 0.25 ° 
anti-scatter slit. Low angel XRD patterns were collected between 1.5° and 8° 2θ  utilising a 
variable divergence slit and 0.125° anti-scatter slit.  
 
Thermogravimetric analysis 
Thermal decomposition of apophyllite-(KOH) and apophyllite-(KF) was carried out in a 
TA® Instruments incorporated high-resolution thermogravimetric analyser (series Q500) 
in a flowing nitrogen atmosphere (80 cm3/min). Approximately 25 mg of sample was 
heated in an open platinum crucible at a rate of 5.0 °C/min up to 1000°C at high 
resolution. The TG instrument was coupled to a Balzers (Pfeiffer) mass spectrometer for 
gas analysis. Only selected gases such as water and carbon dioxide were analysed.  
 
Infrared spectroscopy 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  The infrared spectra 
are given in the supplementary information.   
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Spectral manipulation such as baseline correction/adjustment and smoothing were performed 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 
that enabled the type of fitting function to be selected and allows specific parameters to be 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 
function with the minimum number of component bands used for the fitting process. The 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 
undertaken until reproducible results were obtained with squared correlations of r2 greater 
than 0.995.  
  
Results and Discussion 
The thermogravimetric and differential thermogravimetric analysis of apophyllite-(KF) from 
the Poona district, India are displayed in Figure 2.  The thermogravimetric and differential 
thermogravimetric analysis of apophyllite-(KOH) from South Africa are shown in Figure 3. 
The thermogravimetric and differential thermogravimetric analysis of apophyllite-(KOH) 
from the Gila County, Arizona are displayed in Figure 4.   
 
The thermogravimetric analysis of the apophyllite-(KF) displays three major mass loss steps 
centred upon 219, 292 and 429°C with mass losses of 9.1, 1.1 and 5.1% respectively.  If we 
use the formula of apophyllite-(KF) as KCa4Si8O20(F,OH)·8H2O, the molecular mass is 904. 
The molecular mass will depend upon the amount of substitution of F by OH. Nevertheless, 
the molecular mass will not vary by very much. Thus, the amount of water loss can be 
calculated. The theoretical mass loss is 15.93 %.  Such a figure may be compared with the 
formula determined by chemical composition. The first peak in Figure 1 has a distinct 
shoulder at 242.3°C.  Each of these mass loss steps is attributed to water loss.  Mass 
spectrometry shows that water is evolved at these temperatures.  Marriner et al. [9] reported 
that apophyllites decompose in two mass loss steps. However in this work, four mass loss 
steps are found. It is proposed that the following reactions occur: 
Over the temperature range 125 to 250°C,  
KCa4Si8O20F·8H2O →  KCa4Si8O20F·3.5H2O + 4.5H2O 
6 
 
Over the temperature range 250 to 325°C, 
KCa4Si8O20F·3.5H2O → KCa4Si8O20F·3.0H2O + 0.5 H2O 
Over the temperature range 325 to 525°C, 
KCa4Si8O20F·3.0H2O → KCa4Si8O20F  +  3.0H2O 
KCa4Si8O20F → KF + 4SiO2 + 4CaSiO3   
The total mass loss in the above reactions is 15.3%. This value is in agreement with the 
theoretical mass loss of 15.3%.  The question arises as to whether there is any F- lost in the 
decomposition. None was detected using mass spectrometry.  If we assume that the total 
number of moles of OH in the formula is 1, then the mass loss due to OH is 1.88%.  These 
OH units are not as strongly hydrogen bonded as the water molecules, and therefore it is 
expected that the OH units would be lost with water in the thermal decompositions.  Thus, the 
mass loss in the first step may include the loss of the OH units in association with water loss. 
The thermal analysis of the apophyllite minerals is of interest because of the question of what 
is the nature of the water in the mineral. The water is said to be zeolitic but the apophyllite 
minerals are not zeolitic.  
 
The thermal analysis of an apophyllite-(KOH)   from South Africa is shown in Figure 3.  An 
additional mass loss step is observed.  The mass loss step at 429°C is now split in two with 
two DTG peaks observed at 406 and 427°C.  Mass loss steps are observed at 224°C (with a 
shoulder at 242°C), 292°C, 406°C and 427°C with mass losses of 9.5, 1.1, 2.7 and 3.0%.  The 
total mass loss is 16.6% which is greater than that predicted (15.93%).   
 
The thermogravimetric analysis of the apophyllite-(KOH)   from Arizona is displayed in 
Figure 4. The thermoanalytical pattern was limited by the amount of apophyllite available for 
analysis (6.71mg).  Two major mass loss steps are observed at 206 and 400°C with mass 
losses of 6.5 and 7.4%. Two minor mass losses are found at 250 and 426 °C; the mass loss at 
the first temperature is 1.5% and the mass loss for the second step is included in the mass loss 
at 400°C.  The total mass loss is 15.4% which may be compared with the calculated mass loss 
of 15.9%.  
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Marriner et al. [9]  found all apophyllites dehydrate in 2 stages. However our results suggest 
that the dehydration process is more complex. The results of differential thermal analysis are 
somewhat confusing. Different researchers found different results [8, 10].  The DTA curves 
show two distinct endothermic peaks connected with irreversibly removal of water at about 
348 and 454 °C.  According to the chemical reactions given above, we have shown that 
dehydration takes place over several major steps with two minor steps. The major mass losses 
occur at around 205 to 220°C and at 400 to 429°C.  Minor mass losses are observed around 
242 and 292 °C.  The mass loss steps do not appear to correspond to the endothermic peaks 
observed in the DTA curves.  Bykov and Shcherbatyuk [16] showed that the dehydration of 
apophyllite was irreversible. Chukhrov et al. [17] researched the nature of water in 
apophyllites and found that the water was not zeolitic water but was water of crystallisation.  
 
There are many silicate minerals such as the apophyllite minerals which are layered and 
function like natural occurring zeolites. In the case of the apophyllites, the water is trapped 
between the layers and is contained within the channels of the mineral.  Such molecules may 
be identified by infrared spectroscopy and the expected water stretching vibrations would 
occur at positions >3550 cm-1. The loss of water at around 205 to 220°C is attributed to this 
zeolitic water.  The loss of water in the 400 to 429°C temperature range is assigned to water 
coordinated to the silica surface and the hydration of the calcium cation.    
 
Infrared spectroscopy 
The infrared spectra of the three apophyllite samples from (a) India (b) South Africa (c) 
Arizona are displayed in Figure 5. The infrared spectra of the three mineral samples from 
India, South Africa and Arizona show a striking similarity.  Basically, there are two parts to 
the spectra of the OH stretching regions. A very sharp peak around 3550 cm-1 and a very 
broad peak centred upon 3000 cm-1. The spectral envelope may be resolved into component 
bands as shown.  The peaks centred upon 3547 and 3559 cm-1 (Fig. 1), 3540 and 3554 cm-1 
(Fig. 2), 3547 and 3559cm-1 are assigned to the non-hydrogen bonded or weakly hydrogen 
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bonded water stretching vibrations.  It is proposed that these water units are lost in the first 
decomposition step.  
 
Neutron diffraction studies have shown that water is hydrogen bonded to the silicate 
framework structure [18].  In the model of Prince [18] approximately one-eighth of the water 
molecules are replaced by OH- and the remaining protons bonded to fluoride to form HF 
molecules. Both OH- and H20 are hydrogen bonded to the silicate framework.  Bartl and 
Pfeifer [6] presented a model of apophyllite in which some hydroxyl units are replaced by 
fluoride ions.  This model seems more appropriate as the size of F- and OH- ions are very 
close. There are many examples in nature where in minerals the OH- units are either 
completely or partially replaced by F- ions.  The spectrum shown in Figure 4 shows that water 
is in different molecular environments in the structure of apophyllite. Different hydrogen 
bond strengths are observed. 
 
For sample (a), water bands are observed at 2682, 2934, 3003, 3133 and 3417 cm-1. Two 
overlapping bands observed at 3538 and 3553 cm-1 are attributed to the stretching vibrations 
of the water units.  A similar set of bands are observed for the South African fluorapophyllite 
mineral sample.  Water stretching vibrations are observed at 3540 and 3554 cm-1.  Water 
bands are delineated at 2808, 3003, 3073 and 3419 cm-1.  For the hydroxyapophyllite sample, 
water bands are observed at 2637, 2837, 2989, 3083 and 3414 cm-1.  OH stretching vibrations 
are found at 3547 and 3559 cm-1 for the hydroxyapophyllite sample.  Over 87 samples from 
the USSR were studied by Borisenko [19].  Infrared bands were found at 3020 and 3550-65 
cm-1.   
Decomposition products 
 
The products of the thermal decomposition were analysed by X-ray diffraction. The XRD 
patterns are shown in Figures 6. XRD shows that the products are chiefly calcium silicate and 
silica. A minor component of potassium fluoride was also observed in the XRD of the Poona 
(India ) sample.  These XRD patterns are backed up by the infrared spectra of the products 
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after thermal decomposition. The infrared spectra are shown in Figures 7 a, b, c. These 
spectra show peaks predominantly due to silica and a silicate.  It is noted that no water or OH 
bands are observed.  
10 
 
Conclusions 
In this work, three apophyllite minerals were analysed by thermogravimetry using a TA® 
Instruments incorporated high-resolution thermogravimetric analyser (series Q500) in a 
flowing nitrogen atmosphere (80 cm3/min)  coupled to a Balzers (Pfeiffer) mass 
spectrometer for gas analysis.   
 
In general, mass losses occur at around 205 to 220°C and at 400 to 429°C.  Minor mass 
losses are observed around 242 and 292 °C.  It is proposed that water is liberated in steps of 
4.5, 0.5 and 3.0 moles over the temperature ranges 125 to 250°C, 250 to 325°C and 325 to 
525°C.  It is not possible to state at what temperature the OH units are lost but it is considered 
that the OH units are lost along with water in one of the dehydration steps.  In contrast to 
previous studies, it is found that the apophyllite minerals decompose in four steps. 
The water stretching region of the minerals has been characterised by infrared spectroscopy.  
The spectra of the three apophyllite minerals are very similar, consisting of a sharp band 
centred around ~ 3560 cm-1 with a broad spectral envelope centred around 3000 cm-1. The 
broad part of the spectrum may be resolved into component bands. These bands are assigned 
to water stretching vibrations. The position of these water stretching vibrations show that 
water is involved in different molecular environments in the structure of the apophyllite. 
Different environments are envisaged. Water in a non-hydrogen bonded situation is 
evidenced by the peaks at around 3550 cm-1.  Such water molecules are functioning as space 
fillers.  The water bands found on the 3000 cm-1 region are due to strongly hydrogen bonded 
water.   
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